The G ␣ -interacting protein (GAIP) is known to interact with the G ␣i3 protein. It has been suggested that, depending on its expression, GAIP can be a regulator of trimeric G i protein signaling pathways. In the present study we show that the GAIP mRNA content declines during the enterocytic differentiation of two cell lines derived from human colon adenocarcinomas: HT-29 and Caco-2. In undifferentiated HT-29 cells, when the GDP/ GTP cycle on the trimeric G i3 protein is interrupted by either pertussis toxin treatment or by the transfection of a mutant of the G ␣i3 protein with no GTPase activity (Q204L), we observed a decrease in the GAIP mRNA content. As these conditions are known to impair the G i3 -dependent lysosomal-autophagic pathway existing in undifferentiated HT-29 cells, we have investigated the role of GAIP in controling the lysosomal-autophagic pathway. Overexpression of GAIP stimulated protein degradation along the macroautophagic pathway. In contrast, overexpression of GAIP did not modify the low rate of macroautophagy in cells expressing the Q204L mutant of the G ␣i3 protein. These results show that GAIP regulates a major catabolic pathway and that the expression of GAIP is dependent upon the activity of the G ␣i3 protein and the state of enterocytic differentiation of cells.
The G ␣ -interacting protein (GAIP) is known to interact with the G ␣i3 protein. It has been suggested that, depending on its expression, GAIP can be a regulator of trimeric G i protein signaling pathways. In the present study we show that the GAIP mRNA content declines during the enterocytic differentiation of two cell lines derived from human colon adenocarcinomas: HT-29 and Caco-2. In undifferentiated HT-29 cells, when the GDP/ GTP cycle on the trimeric G i3 protein is interrupted by either pertussis toxin treatment or by the transfection of a mutant of the G ␣i3 protein with no GTPase activity (Q204L), we observed a decrease in the GAIP mRNA content. As these conditions are known to impair the G i3 -dependent lysosomal-autophagic pathway existing in undifferentiated HT-29 cells, we have investigated the role of GAIP in controling the lysosomal-autophagic pathway. Overexpression of GAIP stimulated protein degradation along the macroautophagic pathway. In contrast, overexpression of GAIP did not modify the low rate of macroautophagy in cells expressing the Q204L mutant of the G ␣i3 protein. These results show that GAIP regulates a major catabolic pathway and that the expression of GAIP is dependent upon the activity of the G ␣i3 protein and the state of enterocytic differentiation of cells.
The best known mechanism of desensitization of trimeric G protein signaling pathways involves receptor phosphorylation (1) . Recently several cytosolic proteins belonging to a novel family named regulators of G protein signaling (RGS) 1 (2, 3) and a related G ␣ -interacting protein (GAIP) (4) have been shown to increase the rate of GTP hydrolysis by G ␣i /G ␣o proteins (5) (6) (7) . A retinal RGS protein (RGS-r) has also been shown as to specifically interact with transducin (8) . These GTPaseactivating proteins represent novel candidates for modulating signaling pathways controlled by trimeric G proteins. This mode of regulation of G protein-coupled signaling systems seems to be universal as members of the RGS family exist in yeast (9) and nematodes (10) . The function of several RGS proteins have also been reported to inhibit G protein-mediated MAP kinase activation in mammalian cells (11) . GAIP, which was originally thought to specifically interact with the G ␣i3 protein (4) , is now known to be a GTPase-activating proteins for G ␣q and blocks in vitro activation of phospholipase C␤ (12) . But so far GAIP has not been shown to regulate a G protein signaling pathway in mammalian cells.
Recently we have shown that the sequestration step of the lysosomal-autophagic pathway, in HT-29 cells, is controlled by a trimeric G i3 protein (13) . When bound to GTP the G i3 protein inhibits macroautophagic sequestration (14) . From theses results we have hypothesized that GAIP is involved in the control of G ␣i3 -mediated macroautophagy in HT-29 cells. In the present work we show that (i) in cells having a low capacity for macroautophagy due either to a blockade in the GDP/GTP cycle on the G i3 protein or to their state of enterocytic differentiation the expression of GAIP mRNA is reduced; (ii) overexpression of GAIP, by transfection, stimulates the lysosomal-autophagic pathway except in cells that express a mutant G ␣i3 proteindeficient in GTPase activity.
EXPERIMENTAL PROCEDURES

Reagents
PTX, 3-MA, and all other chemicals were purchased from Sigma. Cell culture reagents and Geneticin (G418) were from Life Technologies, Inc. (Eragny, France). Nitrocellulose membranes were from Schleicher & Schuell (Dassel, Germany). The bicinchoninic acid kit was from Pierce. Rat cDNA encoding the ␣ i3 -subunit was kindly provided by Dr. R. Reed (John Hopkins University, Baltimore, MD) and mRNA isolated from human duodenum, jejunum, and colon were provided by Dr. D. Darmoul (INSERM 410, Paris, France). Enzymes for cloning and sequencing, synthetic oligonucleotides, and Trizol™ for mRNA extraction were from Life Technologies, Inc. (Cergy Pontoise, France). The eucaryote expression vector pcDNA3 and XPress™ System Protein Expression pTrcHis were from Invitrogen (San Diego, CA). The eucaryote expression vector pBK/CMV was from Stratagen. Oligonucleotide-directed mutagenesis and calcium phosphate precipitation kits were obtained from Promega (Madison, WI). Polyclonal antibodies to the ␣ i3 -subunit were from E. I. du Pont de Nemours & Co. (Les Ulis, France) and was raised against a decapeptide from the C-terminal of the protein (15 Reverse Transcription PCR and Cloning of GAIP cDNA were synthesized from mRNA isolated from HT-29 cells and were used to amplify a full-length cDNA encoding GAIP, using PCR. Incubations for PCR were described previously (5) . The sense PCR primer began with a BamHI site: 5Ј-CGCGGATCCATGCCCACCCCG-CATGAG-3Ј. The antisense PCR primer was: 5Ј-CGGAATTCGGGG-TCTGTGCTGCTGGGGGCGGCCTA-3Ј. Before sequencing the PCR product was cloned into the BamHI/EcoRI sites of either the plasmid pcDNA3 (sense) or the plasmid pBK/CMV (antisense).
Expression and Purification of Recombinant Proteins
cDNAs encoding the G ␣i3 protein or GAIP were subcloned into the His-tag fusion vector pTrcHis. cDNA inserts were downstream and in frame with a sequence that encodes a N-terminal fusion peptide con-taining an ATG translation initiation codon, six histidine residues in series that function as a metal binding domain. Plasmids were transformed into the bacterial strain TOP 10 and induced with 1 mM isopropyl-␤-D-thiogalactopyranoside for 3 h. His-tagged proteins were purified by chromatography on Ni 2ϩ -nitrilotriacetic acid-agarose beads, dialyzed against 10 mM Tris, pH 8.0, containing 0.1% Triton X-100 and stored at Ϫ80°C.
G ␣i3 -GAIP Interaction Assays
For binding of His-tagged GAIP protein to the G ␣i3 protein in HT-29 cell homogenates, 1 mg of homogenate in buffer A (20 mM Na-HEPES, pH 8.0, 380 mM NaCl, 3 mM DTT, 6 mM MgCl 2 ) containing GDP (10 M) or GDP (10 M) and AlF 4 Ϫ (30 M), were incubated 30 min at 4°C with 5 g of His-tagged GAIP (7) . Binding of endogenous GAIP to His-tagged G ␣i3 protein (5 g) loaded with GDP (10 M) or GDP (10 M) and AlF 4 Ϫ (30 M) was performed as described above, but an incubation for 30 min at 20°C was required for nucleotide loading to His-tagged G ␣i3 protein before the assay.
Homogenates were solubilized with 1% cholate and detergent-soluble extracts obtained after centrifugation at 100,000 ϫ g were added to Ni 2ϩ -nitrilotriacetic acid-agarose beads, washed five times with buffer A (supplemented with 20 mM imidazole, 0.1% polyoxyethylene-10-lauryl ether, 1 M GDP, or 1 M GDP and 30 M AlF 4 Ϫ ), and eluted with 300 mM imidazole (7). Eluted proteins resolved by SDS-polyacrylamide gel electrophoresis were detected by staining with Coomassie Blue. The identity of G ␣i3 protein bound to GAIP was determined by immunoblotting with specific antibody (14) .
GTPase Activity
Purified His-tagged G ␣i3 protein was loaded with 5 M [␥- 32 P]GTP in 60 l of buffer A (50 mM HEPES, pH 7.6, 2 mM ETDA, 1 mM DTT) containing 0.0125% Lubrol PX for 15 min at 30°C. Magnesium was excluded from this loading reaction to slow hydrolysis. Free nucleotide was removed from the GTP-bound G ␣i3 protein by centrifugation (200 ϫ g for 3 min at 4°C) through 1 ml of G50 Sephadex column (Pharmacia Biotech Inc.) that was equilibrated in buffer B (50 mM HEPES, pH 7.6, 1 mM ETDA, 1 mM DTT). The GTPase assay solution contained 10 l of GTP-bound G ␣i3 protein (200 nM) and His-tagged GAIP (2 M) in 20 l of buffer B supplemented with 5 mM MgCl 2 and 500 M GTP. GTP hydrolysis was determined by measuring the release of phosphate at 20°C for the indicated times (5). Buffer alone and boiled GAIP were included as controls.
Northern Blot Analysis
The rat G ␣i3 , the GAIP, and glyceraldehyde-3-phosphate dehydrogenase probes were 32 P-labeled to a specific activity of 10 9 cpm/g by random priming. Hybridizations were performed at 45°C in the presence of formamide and high-stringency washes were performed in 0.1 ϫ SSC, 0.1% SDS at 60°C. When used, 500 ng/ml PTX were added to cells for 16 h before mRNA extraction.
Cells and cDNA Transfections of HT-29 Cells
Caco-2 and HT-29 cells were cultured as described previously (16, 17) . Q204L-expressing cells were maintained in G418-containing medium as reported previously (14) . Plasmids (20 g) were introduced into undifferentiated HT-29 cells and Q204L-expressing cells by the calcium phosphate precipitation method. Cells were used 72 h after transfection.
Macroautophagic Parameters Autophagic Sequestration of [ 3 H]Raffinose-[
3 H]Raffinose sequestration was monitored as reported previously (18) . Briefly, cells (5 ϫ 10 6 /500 l) were incubated for 15 min at 37°C with 2 Ci of [ 3 H]raffinose, subjected to electroinjection (at ambient temperature), and incubated at 4°C for 30 min, followed by 15 min at 37°C. Cells were then washed twice with phosphate-buffered saline and dispersed in complete medium with 5 mM 3-MA, as indicated. When used PTX was added 18 h before the electroinjection and present during the incubation period. Subsequently, at different times, the cells were washed twice with 10% sucrose at 4°C, resuspended in 0.5 ml of 10% sucrose, and homogenized by five strokes in a glass/Teflon homogenizer on ice. Immediately after homogenization, 0.5 ml of ice-cold phosphate buffer (100 mM potassium phosphate, 2 mM EDTA and 2 mM DTT, 100 g/ml bovine serum albumin, 0.01% Tween 20, pH 7.5) was added, and 1 ml of the cell homogenate was layered on the top of a 4-ml cushion of buffered metrizamide/sucrose (10% sucrose, 8% metrizamide, 1 mM EDTA, 100 g/ml bovine serum albumin, 0.01% Tween 20, pH 7.5) and centrifuged at 7000 ϫ g for 60 min. The radioactivity associated with the pellet and total homogenate was measured by liquid scintillation counting.
Measurement of the Degradation of Long-lived Proteins-Protein degradation was determined as reported previously (14) . HT-29 cells were incubated for 18 h at 37°C with 0.2 Ci/ml of L-[ 14 C]valine. Unincorporated radioisotope was removed by three rinses with phosphate-buffered saline, pH 7.4. Cells were then incubated in nutrientfree medium (without amino acids and in absence of fetal calf serum) supplemented with 0.1% bovine serum albumin and 10 mM cold valine. When required 10 mM 3-MA was added throughout the chase period. After the first hour of incubation, at which time short-lived proteins were being degraded, the medium was replaced with the appropriate fresh medium and the incubation continued for an additional 4 h. Cells were scraped into 0.5 ml of phosphate-buffered saline and the radiolabeled proteins in the 4-h medium and cells precipitated in 10% trichloroacetic acid, 1% phosphotungstic acid (v/v) at 4°C. The precipitated proteins were separated from the soluble radioactivity by centrifugation at 600 ϫ g for 10 min and then dissolved in 1 ml of Soluene 350. The rate of protein degradation was calculated as acid-soluble radioactivity recovered from both cells and media.
RESULTS
Identification of GAIP in HT-29
Cells-Recombinant hexahistidine-tagged GAIP and G ␣i3 proteins were both produced by overexpression in Escherichia coli and purified by chromatography as detailed under "Experimental Procedures." The ability of recombinant GAIP to interact with the G ␣i3 protein was shown by in vitro experiments after its addition to HT-29 cell homogenates. The G ␣i3 protein was identified by immunoblotting. As shown previously (7) the interaction between GAIP and the G ␣i3 protein was observed in the presence of GDP ϩ AlF 4 Ϫ (Fig. 1A) , which induces a conformation of G ␣ proteins mimicking the transition state leading to GTP hydrolysis (19) . These results were confirmed by a mirror experiment using the recombinant G ␣i3 protein and HT-29 cell homogenates. Again when AlF 4 Ϫ was added together with GDP, a band with similar electrophoretical mobility of GAIP was observed (Fig. 1A) . The slight difference in mobility between recombinant GAIP and the endogenous GAIP could be due to the hexahistidine tag present at the amino terminus of the recombinant protein. This difference is hardly detectable with the recombinant and endogenous G ␣i3 proteins, a fact probably due to their higher molecular mass. Next we examined the effect of GAIP on the catalytic rate of GTP hydrolysis by the G ␣i3 protein. In agreement with previous reports (5, 7), GAIP accelerates the intrinsic rate of GTP hydrolysis by the G ␣i3 protein when the dissociation of GDP was not rate-limiting (Fig. 1B) . Results reported above clearly show that GAIP cloned from HT-29 cells has identical properties to that cloned from HeLa cells (4) and lung (5) .
Expression of GAIP mRNA in Different Cell Lines and Tissues-As HT-29 cells are derived from human intestine, we have investigated the expression of GAIP mRNA in this tissue. Whatever the segment considered (from duodenum to colon), a mRNA of Ϸ1.6 kilobases is equally distributed along the cephalo-caudal axis. These results show that the intestine belongs to the family of human tissues that express GAIP (4). Beside cephalo-caudal differentiation, intestine is characterized by a differentiation along the crypt-to-villus axis. The human colon cancer cell line Caco-2 has been shown to mimic the crypt-to-villus differentiation in many instances. During the exponential phase of growth Caco-2 cells (days 5-10) are undifferentiated, whereas after late confluence these cells (days 20 -30) express morphological and biochemical critera of enterocytic differentiation (16, 20, 21) . Fig. 2A clearly shows that the content of the GAIP mRNA decreases during the differentiation of Caco-2 cells. Conversely the expression of the G ␣i3 protein does not change during this process (data not shown).
The HT-29 cell line is another model with which to study enterocytic differentiation (22, 23) . When cultured in the absence of glucose and in the presence of inosine HT-29 cells express, after confluence, a typical enterocytic differentiation (17, 24) , whereas the population grown in the presence of glucose mainly constitutes undifferentiated cells (25) . Here again GAIP mRNA was less abundant in differentiated cells than in undifferentiated cells, whereas the expression of the G ␣i3 protein is not differentiation-dependent (13) . A major metabolic difference between differentiated and undifferentiated HT-29 cells is the rate of lysosomal-auptohagic degradation, which has been shown to be very active in undifferentiated cells (18) . In addition we have shown that the sequestration step, i.e. the first step of the lysosomal-autophagic pathway, is controlled by a G i3 protein (13) . As we have previously developed several HT-29 cell populations overexpressing either the wild type or mutants of the G ␣i3 protein (13, 14) , we have taken the opportunity to investigate the relationship between GAIP expression and G ␣i3 expression and activity. No difference in the expression of GAIP mRNA was detected as a function of G ␣i3 protein expression (Fig. 2B, left panel, lane 1 versus lane 3) . In contrast we observed a sharp decrease in GAIP mRNA content in cells expressing the Q204LG ␣i3 protein (Fig. 2B, left panel,  lane 2) , a mutant that is defective in GTPase activity. If this decrease in GAIP expression is related to the blockade in the GDP/GTP cycle on the G ␣i3 protein, we reasoned that modulation of the expression of GAIP would also be observed by freezing the GDP/GTP cycle by treating HT-29 cells by PTX, which ADP-ribosylates G ␣i proteins. ADP-ribosylation of G i proteins by PTX, which is most efficient when the ␣ i -subunit is coupled to ␤␥ (26) , blocks the interaction of the ␣-subunits of G i proteins with their receptors and consequently prevents the receptor-mediated exchange of GDP for GTP (27) .
After 18 h of PTX treatment we observed a decrease in the content of GAIP mRNA in HT-29 cells transfected with the cDNA encoding GAIP (Fig. 2B, right panel, lanes 4 and 6) when compared with untransfected cells. As HT-29 cells contain two PTX-sensitive G ␣i proteins (13) (G ␣i2 and G ␣i3 ), we analyzed the expression of GAIP in cells expressing the C351SG ␣i3 protein insensitive to PTX (14, 28) . As shown in Fig. 2B the content of GAIP mRNA in C351SG ␣i3 protein-expressing cells was similar before and after PTX treatment (Fig. 2B, right panel,  lanes 1 and 2) . In some conditions we observed the presence of a higher molecular weight band (3.5-4.5 kilobases) as described previously (4) .
Changes in Expression of GAIP Modulate the G i3 -dependent Autophagic Pathway-Our previous studies have shown that the macroautophagic pathway is dependent upon the activity of the G i3 protein in HT-29 cells (13, 14) . To study the relationship between GAIP expression and the activity of macroautophagy we have measured the autophagic sequestration of [ 3 H]raffinose and degradation of long-lived [
14 C]valine-labeled proteins in HT-29 cells transfected with an expression vector containing the cDNA encoding GAIP either in the sense or the antisense orientations. When HT-29 cells were transfected with the sense GAIP cDNA (Fig. 3) , we observed a stimulation of the 3-MAsensitive degradation of radiolabeled proteins (3-MA: a potent inhibitor of macroautophagic sequestration (29) ) and a stimulation of [ 3 H]raffinose sequestration (Table I ). In cells transfected with the antisense GAIP cDNA, the expression of GAIP mRNA was reduced by ϳ80% when compared with untransfected cells (Table I) . Autophagic capacities (sequestration and degradation) were also greatly reduced in cells transfected with the antisense GAIP cDNA when compared with parental cells (Fig. 3 and Table I ).
In contrast to the results reported above, overexpression of GAIP did not increase either the low rate of autophagic proteolysis (Fig. 3) or sequestration (Table I) reported previously (14) in cells expressing a G ␣i3 protein deficient in GTPase activity (Q204LG ␣i3 ). This last result suggests that GAIP is 1 and 2) , GAIPoverexpresing parental cells (lanes 3 and 4) , and parental cells (lanes 5 and 6) before and after PTX treatment. G3PDH, glyceraldehyde-3-phosphate dehydrogenase.
unable to restore the GTPase activity of the Q204LG ␣i3 protein in a cellular environment. This observation is in line with the fact that in vitro GAIP did not restore the GTP hydrolysis by either the Q204LG ␣i1 protein (5) or Q204LG ␣i3 protein. 2 
DISCUSSION
Using reverse transcription-PCR we have cloned from intestinal cells the cDNA encoding GAIP, a protein that was originally cloned from HeLa cells and shown to interact with the G ␣i3 protein (4). In our hands recombinant GAIP has identical properties to that described earlier: GAIP is a GTPase activating protein (5, 7) , and preferentially interacts with the GDP ϩ AlF 4 Ϫ over the GDP-bound form of G ␣i3 (7) . We have demonstrated that GAIP is a regulator of the G i3 protein-dependent macroautophagic pathway (13, 14) . The observation that overexpression of GAIP stimulates the macroautophagic pathway in HT-29 cells is consistent with the fact that GAIP, which acts as a GTPase-activating proteins, shortens the duration of the GTP bound state of the G ␣i3 protein (5, 7) and is consistent with our previous data showing that the GTP-bound form of the G ␣i3 protein inhibits autophagic sequestration (14) . In contrast when GAIP was down-expressed by antisense transfection, the macroautophagic pathway was greatly impaired. These results show unambiguously that GAIP is an essential element in the control of the G i3 -dependent macroautophagic pathway in HT-29 cells.
Several properties associated either with the GAIP gene (early response gene) or the polypeptide (potential phosphorylation sites) suggest that GAIP could be a fine tuner of the lysosomal-autophagic pathway (4), which has to be rapidly modulated in response to extracellular stimuli (30) . In fact the inhibition of the GDP/GTP cycle on the G i3 protein influences the GAIP mRNA content of cells. A down-expression of GAIP mRNA is observed either when the G ␣i3 protein is locked in its GTP bound form (the Q204L mutant) or restricted to its trimeric GDP-bound form (PTX treatment). This last effect is specifically associated with the nucleotide binding state of the G i3 protein, as no modification of the content of GAIP mRNA is observed in cells expressing a mutant form of the G ␣i3 protein insensitive to PTX. At the moment we cannot conclude whether or not the mRNA content is controlled at the transcriptional or at the post-transcriptional level. However we can exclude a contribution of the lysosomal-autophagic pathway in lowering the mRNA content of Q204L-expressing and PTX-treated cells, as the macroautophagic pathway is greatly reduced in these two cell populations (13, 14) . Accordingly, the GAIP mRNA level is lower in differentiated HT-29 cells (low autophagic capacity) than in undifferentiated cells (high autophagic capacity). In Caco-2 cells, where the autophagic capacity is lower than in HT-29 cells (data not shown), we have also observed that the level of GAIP mRNA decreases during cell differentiation. From these results it seems that the control of the expression of GAIP may depend upon G i3 protein activation and cell differentiation. Whether or not these two parameters are directly related remains to be determined. However the GAIP mRNA content does not change when the expression of the G ␣i3 protein is increased by transfection in HT-29 cells. This result is in line with data showing that the level of G ␣ protein expression in yeast does not modify the expression of Sst2 protein (9) , which is structurally and functionally related to GAIP (4) and RGS proteins (11) . Similarly the decrease in GAIP mRNA content during the enterocytic differentiation of Caco-2 and HT-29 cells is not correlated with changes of the G ␣i3 protein expression.
Several studies have shown that protein phosphorylation is involved in the control of the macroautophagic pathway (for a review, see Ref. 31) . For example okadaic acid and other phosphatase inhibitors inhibit autophagic sequestration in liver cells (32, 33) . We have reported a similar effect of okadaic acid in HT-29 cells (34) . However the phosphorylated proteins, as well as the transduction pathways involved in the control of macroautophagic sequestration, remain largely unknown. Recently it has been suggested that the phosphorylation of the ribosomal S6 protein by the p70 S6 kinase inhibits macroautophagic sequestration in liver cells (35) and HT-29 cells. 2 It is conceivable that GAIP, which possesses several potential phosphorylation sites, could be the target of a transduction pathway emanating from the cell surface following hormonal or amino acid signaling (36) . Further studies will be required to show whether or not changes in phosphorylation of GAIP can regulate the macroautophagic pathway.
